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Abstract 

We study sterile neutrinos in an extension of the standard model, based on the gauge group 
S'C/(3)c <8) SU{3)l ® SU{3)r 0 U{l)]\f, and use this model to illustrate how to apply cosmological 
limits to thermalized particles that decouple while relativistic. These neutrinos, Nai, can be dark 
matter candidates, with a keV mass range arising rather naturally in this model. We analyse the 
cosmological limits imposed by N^ff and dark matter abundance on these neutrinos. Assuming 
that these neutrinos have roughly equal masses and are not CDM, we conclude that the N^ff 
experimental value can be satisfied in some cases and the abundance constraint implies that these 
neutrinos are hot dark matter. With this information, we give upper bounds on the Yukawa 
coupling between the sterile neutrinos and a scalar field, the possible values of the VEV of this 
scalar field and lower bounds to the mass of one gauge boson of the model. 
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I. INTRODUCTION 


Despite its effectiveness, the Standard Model of Particle Physics remains unable to solve 
some important problems, among them, the Dark Matter (DM) problem. This is a problem 
related to discoveries made by astronomical observations, and DM play a central role in 
the standard cosmological model (known as A-CDM). Dark Matter probably is a kind of 
particle, as yet unknown, that certainly interacts trough gravity, maybe interacts trough the 
weak force, and doesn’t interact trough electromagnetism and the strong nuclear force. It 
represents 27% of the energy content of the Universe. 


This problem is among the major motivations for the study of extensions of the SM. 
However, any candidates to dark matter particles must satisfy constraints imposed by cos¬ 
mology. If the model predicts somewhat light candidates (keV range or lower), these can 
be Warm or Hot Dark Matter, with the former possibility being the most attractive one, 
since the latter is restricted to have at most a few percent of the energy density of Cold 
Dark Matter. If these light candidates are thermalized, due to exchange of gauge bosons 
with SM particles, then its number density has a hxed relation with its temperature. With 
this in mind, its possible to impose the N^ff (related to radiation energy) and abundance 
constraints to any particle satisfying these requirements. Not only that, but limits on the 
mass of the gauge boson that mediates the interaction can also be given, which constrain 
the value of the VEV (Vacuum Expectation Value) that is related to this gauge boson mass 
and the mass of any other particle that depends on this VEV. 


Q> 


Several models have viable candidates for DM. In Ref llH, a model was proposed that 
attacks the DM problem, based on the gauge group SU{3)cSU(3)SU(3 )r<^U(1)n (the 
3L3R model for short). This model modihes the electroweak sector of the SM, making the 
substitution SU{2)l<^U{1)q —)■ SU{3)l<^U{1)n, that usually dehnes the 3-3-1 modelsj2, 3| 
and adds a SU{3)ji group to obtain a Left-Right symmetry at higher energies. The neutrino 
sector is an important part of this model, and in it the model predicts the existence of 12 
neutrinos: 3 of them are eV-range neutrinos, identihed as the usual active neutrinos; 3 are 
left-handed, keV-range sterile neutrinos, Nai, candidates for Warm Dark Matter (WDM), 
and the remaining 6 are right-handed, ultra heavy neutrinos, with masses around 10^^ GeV, 
that could play a role in baryogeneses through leptogenesis in the primordial universe. These 
neutrinos will be in this mass range, provided that the Yukawa coupling constants between 
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these neutrinos and the scalar helds of the model are of 0{1). 

Our main objective in this paper is to analyse the viability of the keV neutrinos of the 
3L3R model as candidates for dark matter, and use this model as an example to particle 
physicists of how to apply cosmological bounds to light, stable particles. We impose the 
known restrictions in W// and DM abundance to several cases: (1) Decoupling of these 
neutrinos before p, annihilation; (2) Decoupling before pion annihilation; (3) Decoupling 
before hadronization. These different decoupling temperatures also give lower bounds on the 
mass of the gauge boson, Ul, that mediates interactions between NaL and charged leptons in 
the primordial plasma. In this analysis, a critical assumption is made: That all left-handed 
sterile neutrinos have roughly equal masses and are not CDM, which in essence ensures that 
they are stable and that they decouple while relativistic. With this, we reproduce a known 
result that thermalized keV stable particles are overproduced, so we must conclude that 
the new left-handed neutrinos are Hot Dark Matter. Finally, restrictions on the Yukawa 
couplings of these neutrinos and a scalar field are given. 

The paper is organized as follows: In section 2, the 3L3R model is presented. In section 
3, the sterile neutrinos temperature and abundance are determined. Section 4 gives the Yg// 
of the sterile neutrinos. In section 5, the decoupling temperature of the sterile neutrinos is 
determined as a function of the mass of the Ul gauge boson. Section 6 gives our results, 
and Section 7 is reserved to our conclusions. 


II. THE 3L3R MODEL 


As mentioned earlier, the 3L3R model is based on the gauge group SU{^c ® SU{3)l 
With this group, the electric charge operator is given by[l[ 


Q = T| + T|-6(T| + T|)+Y, 


( 1 ) 


where Tl = A^/2 and Tl = A®/2 are the diagonal generators of the SU{3)l,r groups, N 
is the generator of the U{l)]\f group, and 6 is a real parameter. The A* are the Gell-Mann 
matrices. One nice consequence of the 3L3R is that the requirement that the fermions have 
integer electric charges, combined with the restriction that the Weinberg angle, 6w, satishes 
sin^Ow = 0.2310 implies that b = l/\/3[l|. 
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The leptons in the model are organized in triplets of the SU{3)l,r groups, 


d'aL = i^aL, Ll, N aR)^ ~ 

(1,3,1, -1/3), 

(2) 

T 

d'aR = (t'aij, laRi N aRi) ~ 

(1,1, 3, -1/3), 

(3) 


where a = e, are the three leptonic families, and Na are new neutrinos. L and R indicate 
Left and Right components of the helds. The numbers in parenthesis indicate how these 
particles transform under the SU{3)c, SU{3 )l, SU{3)r and U{1)n, respectively. 

The scalar sector consists of 3 SU{3)l and 3 SU{3)r triplets, 

VL = {r]L,Vl,VL) ~ (1,3,1, -1/3), 

VR= ['nR,VR,riR) ~ (1,1,3, -1/3) , 

= ~ (1,3, 1,2/3), 

PR—(^PwP%Pr^ ~ (1,1,3, 2/3) , 

XL = (xl,XZ,Xl) ~ (1,3, 1,-1/3) , 

XR= (xr,Xr,Xr) ~ (1,1,3,-1/3) . 

Only 6 of the 10 neutral components, Xl,_r, VL,Ry Pl,r^ have a non-vanishing Vacuum Ex¬ 
pectation Value(VEV), that are given by, 

ivl) = (Vr) = ^r,«/V2, 

(Pl) = ^pl! \/ 2 , {Pr) = ^pr! \/ 2 , 

W) = = ^xj^- 

Since the Left-Right symmetry happens only at very high energies, it is assumed that 
the VEV’s associated with the SU{3)r scalar triplets are much higher than those associated 
with the SU{3)l triplets, that is to say, ur » pr- And, since new particles in the left 
triplets gain masses due to the VEV, it is imposed that Like most 

3-3-1 models, it is assumed that v ' is in the TeV range. This happens to keep these new 
particles heavier than the known quarks and weak gauge bosons. 

In the gauge sector, there exists 16 weak gauge bosons. The known W^, Zr of the SM, 
U^, V/*, (R°)i are new left handed gauge bosons, and W^, Zr, U^, Vj(, (R°)r are new 
very heavy right handed bosons. The left and right handed vector bosons are not mixed. 
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and after symmetry breaking the masses of the non-diagonal bosons are given by: 


Mir 

Wl,r 


= \9^ ( 


+ v 

VL,R PL,R , 


Ml = W 

Vl,r 4 -' 






( 4 ) 


In this article, only the mass of the Ul boson is relevant to onr results. We will ignore v 


since 


PL 


Finally, the mass of the sterile neutrinos are given by the Yukawa sector of the model for 
leptons, composed of 5-Dimensional effective operators, 

hi 


pi _ '^ab 


('I'aLPL) ('kaLXL) 

^ i^aLriL) {xi^bL 








Am 

+ H.C, 


+ 

+ 


where Ao and Am denotes energy scales (Dirac and Majorana). A^ is assumed to be in 


some grand unihcation scale, and Am in the Planck scale. It is necessary that z/, 
Ul ~ A^) in order to give known particles 
can be written based on this Lagrangian, 


VR ^ ^PR 


Ul ~ A^) in order to give known particles its correct mass range. The neutrino mass matrix 


M, = 


(5) 


Ml Md 
Ml Mr 

where Mr, Mr and Mr are 6x6 block diagonal matrices. The terms in each of these matrices 


are of order Mr b'R, Mr ~ urUr and Mr ~ 4- Since ur » ur, we can neglect the 
Mr terms and apply the seesaw mechanism to obtain the neutrino mass spectrum after 
diagonalization of this matrix. We obtain two different mass scales for the neutrinos: The 
masses of the left and right-handed neutrinos. These are given by: 


m^i^^-Mr{Mr)-^mI, 
M,^ ~ Mr. 


( 6 ) 

(7) 


^ In ref. 


, in a 3-3-1 model without the SU{3)r group, uA = 145.5 GeV. Adopting this value instead of 


zero does not change appreciably our results. 
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For the left handed neutrinos we have, 


M, 

4A2 




D 


0 


V 


0 9^ 


( 8 ) 


Choosing the values of these parameters as Am = lO^^GeV, A^i = lO^^GeV, ~ 
O(10GeV) and z/ / ~ 0{TeV), the value of the left neutrino masses is, 


{y^feV, 
{g^Y^ {gY^keV. 


(9) 

( 10 ) 


So, with coupling constants of order one, the model predicts 3 neutrinos with an eV mass, 
and 3 sterile neutrinos with keV mass. As mentioned by the authors of |l|, there is no mixing 
between and which protects against the X-Ray decay bound, Ni ^ -|- 7 . 


III. STERILE NEUTRINOS TEMPERATURE AND ABUNDANCE 


In the standard treatment, the value of the ratio between active neutrinos and photon 
temperature, T^/T^ is obtained by the conservation of entropy in the primordial plasmaj^, 7|. 
With the active neutrinos already decoupled, the value of the photon temperature, when 
compared with can be determined by counting the number of degrees of freedom before 
and after ee"*" annihilation, together with the fact that the entropy is proportional to T^. The 
known result relating neutrino and photon temperatures and abundances can be obtained: 


T. = ( 


1/3 


, Tljj — 


-n^ 


( 11 ) 


iiy ■' ’ 11 

In the case of sterile neutrinos produced in thermal equilibrium, the argument is similar. 
The entropy density is given by, 

27r2 


‘>r{T) = 9.(T)^T 


( 12 ) 


where fi's(T) is the entropic degrees of freedom, gs counts the number of internal degrees 
of freedom of the coupled particles. The entropy of the decoupled particles is conserved 
separately. Since a ~ T~^, we have. 


s{T)a^ = constant. 


(13) 
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Suppose that the sterile neutrinos decouple at a temperature To with gsi entropic degrees 
of freedom. Right before the active neutrino decoupling, Qs = 2 + (7/8)(2.2 + 3.2) = 10.75 
(when e, e"*", photons and neutrinos are coupled). So using flT^ and flT^ . we have: 

= 10.75T3 ^ ^ . (14) 

\ 9 si J 

As for the abundance, it is important to note that the keV neutrinos today are non- 
relativistic. In this regime, its energy density today is given by, 

Piv,i(to) (15) 


where is the number density of the Nah neutrinos and denotes its mass. With 

the usual dehnition of = pN^IPer and VLdm = PBu/Per, we have: 




T.a=e,iiT ^NaL^NaL 
per 


(16) 


where h is the dimensionless bubble parameter. For simplicity, we make a critical assump¬ 
tion, and consider that all the sterile neutrinos have the same mass. This ensures that there 
will be no decays from one sterile neutrino to another. So X]a=e^ir ~ 

Since the number density of a relativistic fermion is roughly given by an integral of the 
Fermi-Dirac distribution, fpD, which is proportional to the cube of its temperature, and all 
the neutrinos involved decouple before annihilation, it is expected that this should be the 
case even when they become non-relativistic. That is to say that the ratio between active 
and sterile neutrinos abundances is actually a ratio between the cube of the temperatures 
of Nl and ul. Introducing such relation in the well-known formula for VLy, the fraction of 
the energy density related to neutrinos, and using equation (114)) . we obtain: 

3 


= 


rriNj 


94.1 eV V T, 


T, 


Nl 




9s 


1 keV/ 


(17) 


By this expression alone is possible to see that keV neutrinos produced thermally would 
close the universe unless they decouple very early. We will get back to this point when 
analyzing the specihe model presented here. 

Considering that a fraction ^ of dark matter is made of sterile neutrinos, we have: 


VLn^ — X VLdm — 0.26.^, 


(18) 
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(19) 


and using h=0.67j^, we obtain: 

978.5 / rriNi^ \ _ . 
gsi V1 keV / 

It is possible to use the above results to constrain the allowed values of the matrix 
elements and g^ that appears in the Yukawa Lagrangian. Using the mass of the sterile 
neutrinos given by eq. ([8]), assuming that all of these matrices are proportional to the 
identity matrix, with values go and gM at the diagonal, and hxing and Am at the 
GUT and Planck scale respectively, then the neutrino mass sum is given approximately by 
uinl ~ 30z/^, go^/AgM^^Af ^ with z/ / in TeV. So, it is possible to relate the values of g^ and 
g^ with ^ using eq. ([19]). 

It is important to note that we are always considering the instantaneous decoupling 
approximation and that products of annihilations are composed of particles still coupled to 
the plasma. So, in principle, all that is needed is to determine the decoupling temperature 
of the sterile neutrinos and the entropic degrees of freedom at this temperature. 

IV. THE STERILE NEUTRINOS Neff 

We now proceed to the determination of the basic equations for Neff of the sterile neutri¬ 
nos expected to be found in the early universe. The so called Effective Number of neutrino 
species, Neff, describes the effect of additional particles in the primordial plasma, in par¬ 
ticular, how these new particles change the radiation energy density in the early universe, 
Pr. The impact of these particles is measured in terms of the number of neutrinos with 
standard temperature(T^ = (4/ll)^/^T^) that would have an equivalent effect. So, after the 
ee-l- annihilation, the energy density of radiation is given by: 


pR — P'1 + ^pu + ^2 Pi 

i,boson j,fermion 








By using T^/T = (4/11)^/^ and /?iQ when necessary, after a few manipulations 

we finally obtain an expression for iVg//: 

9i 


^eff = 




E 


boson ,2 

9'f 


Y I + 




4/3 


(23) 


fermion,j 

where pi and gj are the internal degrees of freedom of the bosons and fermions involved. 
Usually Neff is written as N^ff = 3 + AN^ff. If there are no new light particles that are 


relativistic at this time, N^ff = 3^ However, if new light particles are present, the value 
of Neff will change. This will in turn change the expansion rate of the universe, since in 
this period the expansion rate is sensitive to pa, and can have an impact on cosmological 
observables, like the Cosmic Microwave Background or Big Bang Nucleosynthesis. 

In the model we are considering, only the keV sterile neutrinos are possible as additional 
light particles. So the bosonic term desappears, and the fermionic term has only the sterile 
neutrinos. 

The experimental value given to Neff is based on the reference 8(]: Neff = 3.28 ± 0.28. 
We will compare our results with this value. 

So, in order to determine the values of Neff, it is necessary to know the value of T/v^/Tj,, 
the ratio between sterile and active neutrino temperatures. This is related to the decoupling 
temperature of the sterile neutrinos. 

Finally, the above result allows us to calculate W// in expressions fl23ll . Using = 
(4/ll)^/^T when necessary: 


‘^^eff - 


10.75 


4/3 


(per neutrino species). 


(24) 


V. DECOUPLING TEMPERATURE OF THE JV„i STERILE NEUTRINOS 

One important issue regarding the abundance and Neff of the keV neutrinos in the model 
is the temperature that they decouple from the primordial plasma. The mechanism behind 
this fact is quite simple: As the universe expands and gets colder, its temperature falls 

^ Actually, this is the value assuming an instantaneous decoupling of the neutrinos and the plasma. When 
an non-instantaneous decoupling is considered, Neff = 3.046. 
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below the mass of some of the particles in the plasma. When this happens, pair creation 
of these particles becomes largely supressed, altough pair annihilation can still happen. If 
these particles are still coupled to the plasma, pair annihilation will destroy them and the 
liberated entropy will heat the plasma. If, on the other hand, the particle already decoupled. 


them it does not interact anymore and its temperature goes like T 




(where a is the 


scale factor) regardless of what is happening in the plasma. 

Active neutrinos have a lower temperature than the CMB photons for this reason: They 
decouple before the ee’*' annihilation, so the photons are heated by this event, and neutrinos 
are not. But this decoupling, at T ~ IMeV, happens after other events that have heated the 
plasma, like p/i’*' annihilation, pion annihilation and hadronization. If the sterile neutrinos 
of the model decouple before any of these events, they will not share the energy liberated by 
them and, thus, will have smaller temperatures than T^, the active neutrino temperature. 

A particle is considered coupled to the primordial plasma, if its interaction rate (T) is 
much larger than the expansion rate of the Universe {H), and, at a first approximation, the 
decoupling temperature Tc is the one that makes the equality r(TD) = HiTn) hold. In the 
Standard Model, the average interaction rate of the active neutrinos and the electrons in 
the plasmjf is given by r(T) = where Gp is the Fermi constant. 

The Fermi constant is related to the W boson mass, that mediates some of the reactions 


of the active neutrinos: Gp = 


_ U2 


{hc)^. However, the sterile neutrinos of the 3L3R 


8 \Mwc'^ ^ 

model do not interact through the W or Z bosons, but only through the Up and Z'^ bosons, 
that have a much larger mass. So, in our calculations, we will use an effective Fermi constant. 


G^ = 


y^(_^ 


{hcf = 


M, 


w 


Ml 


u 


G 


F- 


(25) 


8 \Muc\ 

This replacement is made because the Up now is the mediator of charged currents with the 
sterile neutrinos Nap. Since Mp » Mw, then Gp « Gp and the decoupling temperature 
for Nap should increase in comparison with this temperature for the active neutrinos. 

Using H{T) = ~ ^ making the equality TN,j^{Tp)) = H{Tp)) 


we get: 


7^2 / M \ 

G'fTI = FF.— ^Tr,= {-rf) g^'MeV. (26) 

nipi \Mw J 

^ The interaction between electrons and neutrinos, through charged and neutral currents, makes the neu¬ 
trinos stay in thermal equilibrium with the electrons. Since the electrons are also in equilibrium with the 

photons, a thermal equilibrium between neutrinos and photons happens. 
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It is possible to see in equation (|26|) that the decoupling temperature To of sterile neu¬ 
trinos is strongly dependent on the Mjj/Mw ratio, and weakly dependent on the relativistic 
degrees of freedom. So, we shall leave the value of constant, and equal to = 16 (a value 
that considers that only electrons, positrons, photons and active and sterile neutrinos are 
fully relativistic at the time of decoupling), and adopt different possible values of Mjj. 


VI. RESULTS 


In this hnal section, we want to give the values of Neff and the allowed values of g^ and 
g^ for three different cases. (1) When NaL decouple between pion and muon annihilation 
(T G [105,140MeU]), (2) when the decoupling happens between hadronization and pion 
annihilation (T G [140,200Mel/]), (3) when NaL decouples before hadronization (in the 
interval T G [200,220] MeV). We adopt Tnad = 200MeU 6]. 

Given our assumptions, the decoupling temperature Tp given in fl26|) will be in case (1) if 
Mu/Mw G [23.2, 28.8], in case (2) if Mu/Mw G [28.8, 37.6] and in case (3) if, approximately, 
Mu/Mw G [37.6,40]. Relating these mass ranges with equation (01) for the allowed 
values for v ' is v ' G [5.7, 7.2] TeV in case (1), v ' G [7.2,9.3] TeV in case (2) and 
f ' G [9.3, 9.9] TeV in case (3). 

PI 

So, we have: 

Case (1): 

In this case, only muons, anti-muons, electrons, positrons, neutrinos and photons are 
coupled. This gives. 


which implies, from 


7 

g,i = ^^+-{2^+ 2^ + = 14.25, 

7 e,e+ 

NNeff = 0.69. 


(27) 


(28) 


^ To our knowledge, there are no experimental limits on the mass of the Ul bosons of this model. There are 
experimental limits on the mass of the Z (the Zj^ in the 3L3R) of a 3-3-lRH model 3|, which is similar 
to the left-handed sector of the 3L3R. These limits are given in9|. The limit given is M^r > 2.2TeV. 
This implies that Mjj/Mw > 25. The results given in ^ are not completely applicable to the 3L3R. But 
if they are used (to give at least an estimate of a lower limit of the Ul mass) NaL never decouples before 
muon annihilation. 
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Given that the experimental limit is AiVg// = 0.28 ± 0.28, even one additional sterile 
neutrino would be excluded by la. 

Case (2): 

In this case, pions(neutral and charged) are now coupled, and we have, 
gsi = ^ + + ^ + = 17 . 25 , 

7 e,e+ 

which gives, 

AAejj = 0.53. 

Now Neff allows only one additional sterile neutrino at the la level. 

Case (3): 

Before the hadronization, gluons and the quarks up, down and strange, and its respective 
antiquarks, are coupled to the plasma. This implies in a huge increase in gsi, as it is shown 
below: 

7 

gsi + 3^3^) = 61.75, (31) 

7 gluons e,e+ u,u,d,d,s,s 

which implies, 

ANeff = 0.097. (32) 

Now three additional neutrino species are allowed, with a total AAg// = 0.29 in this case. 

Limit Case: 

We could think of a scenario where gsi assumes the maximum possible value for the 3L3R, 
a limit case, that should maximize the allowed region for gM and go- This could happen if 
these neutrinos decoupled before every other particle in the left sector of the model. That is 
to say, it should decouple before 9 quarks, 6 leptons, 10 scalar bosons and 17 gauge bosons, 
with gsi = 162.25 and ANeff would allow three sterile neutrinos. Unfortunately, the required 
value for u / in this case should also be large, and would more than compensate the larger 
value of gsi, giving a very restricted parameter space for g^j and gM- So we ignore this limit 
case. 

The abundance arguments gives the following results for g£, and gM parameter space, as 
shown in Figure 1. 


(29) 

(30) 
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TABLE I. Values of the allowed neutrinos mass for each scenario and neutrino energy fraction of 
Dark Matter(,^). It is clear that in all cases, the sterile neutrino masses must be in the eV-range 
or lower in order to satisfy the constraint ^ < 1. 


Cases 

Case 1 

(one neutrino) 

Case 2 

(one neutrino) 

Case 3 (three 

neutrinos) 

C 

"iA^az,(eV) 

e 

"iiVar(eV) 

e 

rn-NaL (eV) 

0.01 

0.14 

0.01 

0.17 

0.01 

0.21 

0.1 

1.45 

0.1 

1.76 

0.1 

2.1 

1 

14.56 

1 

17.62 

1 

21.03 

68.66 

1000 

56.62 

1000 

47.53 

1000 

686.67 

10000 

567.25 

10000 

475.38 

10000 


Figure 1 makes clear that values for which have masses in the keV range are completely 
excluded, by orders of magnitude. Indeed, the allowed mass range for these neutrinos lie in 
the (in most cases) low eV range, as shown in table 1. 

Dark Matter cannot be made only of these light particles. For example, limits based on 
dwarf spheroidal galaxies and lyman-a forest, gives a lower bound of M^v >0(1) keV if all 
of Dark Matter is made sterile neutrinos^, which excludes the ^ = 1 scenario. Since they 
are Hot Dark Matter (HDM), a more realistic constraint on the values of go and qm must 
assume low values of For instance, ^ < 0.1 and ^ < 0.01 in Figure 1 would be a safer 
region, since structure formation allows that fin dm is at most only a few percent of D_dm- 
However, since only a very small fraction of DM can be made of these neutrinos, the 3L3R 
is unable to solve the DM puzzle. 

Table 2 shows the maximum values that can have for each case, depending on the 
value of . Case 1 is a little better than case 2 regarding allowed values for gjj. However, 
as we’ve seen, this case does not satisfy the N^ff constraint and is therefore excluded. Case 
2 is allowed, but in strong tension with N^ff (since only one neutrino species is permitted, 
and at the very edge of 1 sigma) and at odds with our calculations that assumes 3 new 
neutrinos. Case 3 satishes N^fj and its allowed parameter space region is given in table 2. 

Since these candidates are hot dark matter, another different limit can be imposed. By 


reference 


a. 


the sum of neutrino masses by cosmology is < 0-23 eV (results from 
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FIG. 1. Graphics of the allowed regions of parameter space for gjj and gM- Upper left: Case 1 {v ' = 5.7 
TeV). Upper right: Case 2 {u < = 7.2 TeV). Lower figure: Case 3 [u / = 9.3 TeV). Cases 1 and 2 have 
only one neutrino, and case 3 has three. In each graphic, from left to right, the first three isolines gives the 
values of go and gM for ^ = 0.01, ^ = 0.1 and ^ = 1, with the thick line representing ^ = 1. The last two 
isolines gives values for which the sterile neutrino mass is = 1 keV and ttinl — 10 keV, respectively. 
The dark purple area denotes the region consistent with the constraint ^ < 1. It is clear from this figure 
that keV masses are not allowed. 


Planck + BAO). The sterile neutrinos of the 3L3R should have an impact in this result, 
since they are hot dark matter just as the active neutrinos. Indeed, using the relation 
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TABLE II. Maximum allowed value for g£) in each scenario, with qm = 1 and v / = 5.7 TeV (case 

'X-L 

I), v ! =7.2 TeV (case 2) and v / = 9.3 TeV (case 3). A greater value for v / implies a lower 

Xl Xl Xl 


allowed value for go, so the maximum value for gj^ in each case corresponds to the minimum value 

of / in that case. 

Xl 


Cases 

e 

Case 1 (one neutrino) 

Case 2 (one neutrino) 

Case 3 (three neutrinos) 

0.01 

1.3 X 10"3 

1.1 X 10"^ 

9.8 X 10"“^ 

0.1 

4.2 X 10"^ 

3.6 X 10"^ 

3.1 X 10"^ 


again, it is possible to deduce that the sterile neutrinos affect the neutrino sum masses as 

eV. Siuce the minimum sum of active neutrino masses by 
oscillation experiments is 'Y^rriy > 0.06 eV, we have: 

< 0.17eV. (33) 

a 

For case 2, = 0.62 and allows only one neutrino, and case 3 has = 

0.17 and 3 neutrinos. For ^ = 0.01, we have for case (2) — 0-62 x 0.17 ~ 

0.11 eV and case (3) J2ai'^NaL/nu)'m^NaL — x 3 x 0.21 0.11 eV. So for both cases the 

bound given in (l3^ is satished. 

As expected by the value of allowed masses, note that the .^ = 0.1 scenario is excluded, 
since relation (13^ is not satished. 

With corrections given by the fact that only allows one neutrino species, case 2 has a 
little larger parameter space than case 3. Both cases obey the cosmological bounds applied 
and, although unable to answer the DM problem, are not ruled out as HDM candidates. 


VII. CONCLUSION 

In this paper we analysed the feasability of sterile neutrinos in an extension of the SM, 
called 3L3R extension, as candidates for warm dark matter. These neutrinos arise naturally 
in this model, with a mass ~ keV, and at hrst seem to satisfy the requirements for dark 
matter. Since these neutrinos interact through gauge bosons with SM particles, it is expected 
that they were in thermal equilibrium with them some time in the past, allowing us to 
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determine their number density as an integral of the Fermi-Dirac distribution, just like it is 
done with active neutrinos. 

We imposed the W// and abundance constraints on these particles, and analysed them 
in 3 different cases. It was shown that the N^ff = 3.28 ±0.28 constraint was satished in 2 of 
the 3 cases, and case 1 is excluded at the la level. In case (2) only one additional neutrino 
was allowed and AN^ff = 0.53 and in case (3) all three neutrinos were possible, giving a 
total ANeff = 0.29. The decoupling temperature in each case also gives lower bounds to 
the Ul boson mass, with Mu^ ~ 2.3 — 3 TeV in case (2) and Mu^ > 3 TeV in case (3). 

The thermalized nature of these neutrinos, together with the assumption that they have 
roughly equal masses and are not CDM, implies that they must be much lighter than a keV 
mass and are Hot Dark Matter particles. Being HDM they can only constitute a fraction of 
DM. This can give some constraints on the allowed mass, shown in table 1 (of order 0.1 eV 
for Hat ~ O.OIDc'dm and 2 eV for ~ Q.IVLcdm) and on the allowed values for the qd 
and qm parameters in the Yukawa lagrangian of the model. This analysis have been made, 
and the allowed regions for these parameters were shown in Figure 1. If at most 1% of DM 
is made of the 3L3R, then go < 1.1 x 10“^ (case 2) and go < 9.8 x 10“"^ (case 3). 

The HDM candidates would impact Combining the minimal active neutrino sum 

mass by terrestrial experiments {^rriy > 0.06 eV) and the cosmological limit on these 
masses i^rriy < 0.23 eV), it is possible to deduce that J2ai‘^!^aL/'^i')'^NaL — This 

relation is satished in cases (2) and (3), with a value of ~ 0.11 eV for = O.OIDcdm- If 
its energy density is equal to 10% of CDM, then the above relation is not satished. 

It is also important to note that these conclusions of overabudance of keV particles 
are applicable to any model that predicts stable particles in thermal equilibrium with the 
primordial plasma, through the exchange of gauge bosons, in the absence of mixing. Finally, 
the above results are a consequence of the fact that the neutrinos in the 3L3R are stable, 
and do not mix with the active neutrinos. If this were not the case, the results could change. 
For example, if the neutrinos have diherent masses, with one of the neutrinos heavy enough 
and relatively long lived, it could decay out of equilibrium into another sterile neutrino, 
producing a large amount of entropy that dilutes the abundance of the remaining, stable 
neutrinos. This could produce the correct abundance with keV sterile neutrinos, a result 
shown in ref. 1^. We can apply this mechanism to the 3L3R in the future. 


So, given our assumptions, we conclude that only cases 2, 3 are consistent with the N^ff 
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constraint, and, even in these cases, the allowed valnes for the sterile nentrino masses and 
coupling constants in the Yukawa sector is very small, since the abundance constraint implies 
a very low mass. These neutrino are viable HDM particles. 
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